The Late Jurassic Springbok Sandstone in the Surat Basin, Australia, is highly heterogeneous in terms of lithology and hydrogeological properties. This heterogeneity is poorly defined in well logs, due, in part, to clay phases that do not exhibit a prominent gamma ray signature. The resulting uncertainties in the hydrogeological properties are propagated to uncertainties in the groundwater models of the Springbok Sandstone. Further, only a small amount of porosity and permeability data are publicly available and the discussion of petrophysical models for the Springbok Sandstone in the peer-reviewed literature has been limited. At the same time, accurately predicting the potential groundwater impact due to coal seam gas production from the underlying Walloon Subgroup is of significant societal and economic importance. This paper presents new porosity and permeability data from more than 50 core samples from the Springbok Sandstone alongside a review of existing data. Based on this dataset and wireline data from five study wells, a new petrophysical model for the formation is proposed. The results show that (1) the Springbok Sandstone is highly variable in terms of hydrogeological parameters, (2) this variability can be captured with a petrophysical model that draws on a full log suite (i.e. triple-combo) and (3) electrofacies classifications based on gamma-ray and bulk-density log cut-offs do not reflect this variability. This improved understanding of the Springbok Sandstone will contribute to best practice management of the water and hydrocarbon resources in the Great Artesian Basin.
Introduction
The Springbok Sandstone is a Late Jurassic formation in the Surat Basin, Queensland (Power and Devine 1968), which is part of the Great Artesian Basin system of eastern Australia (Ransley et al. 2015) . Underlying the Springbok Sandstone are coal bearing rocks of the Walloon Subgroup (Geoscience Australia 2017), which source methane gas for one of the world's largest coal seam gas production projects. Coal seam gas (CSG) production from the Walloon Subgroup (WSG) results in significant co-production of water from the coal seams (Towler et al. 2016 ) in thousands of wells. In the context of resource management of a potential aquifer in an active hydrocarbon production environment (OGIA 2016a), it is imperative to characterise the hydrogeological properties of the Springbok Sandstone to predict aquifer vs aquitard properties of the formation in order to ensure isolation of those portions of the Springbok Sandstone with potential aquifer properties.
A common weakness of regional groundwater cumulative impact models is the accurate parameterization of rock properties (porosity and permeability), where large uncertainty leads to large variation in prediction of key hydrogeological features and their spatial variability such as groundwater hydraulic conductivity, storativity and flow (Commonwealth of Australia 2014).
Publicly available porosity and permeability data from Springbok Sandstone core samples are sparse and petrophysical models for the formation have not been published. This paper focuses on data gathering and processing methodologies that can underpin a better hydrodynamic conceptualization of the aquifer system and its hydraulic connectivity. The work presented helps to significantly improve groundwater model parameterization, thus providing a step Published in the special issue "Advances in hydrogeologic understanding of Australia's Great Artesian Basin" change in uncertainty reduction in hydrological prediction for the Springbok Sandstone in particular, and for groundwater systems with similarly varying properties in general.
Geological setting
The Surat Basin (together with the Eromanga Basin) forms part of a regionally extensive Jurassic-Cretaceous intracontinental depocenter of eastern Australia (Exon and Senior 1976) . The Late Jurassic Springbok Sandstone is a formation in the Surat Basin (Power and Devine 1968) and forms part of the Injune Creek Group (Swarbrick 1973) ; the Adori Sandstone of the Eromanga Basin is its lateral equivalent (Exon 1976) . The type section in BMR Mitchell 3 has a thickness of 12 m, but maximum formation thickness of 250 m is reported (Hoffmann 2009). The Springbok Sandstone is described to consist mainly of feldspathic to lithic sandstone, with some interbedded siltstone and mudstone and a few thin seams of coal (Exon 1976) . Calcareous cements are common in the formation (Green 1997) . The depositional environment was fluvial with some overbank and swamp deposition up-section and sediments are primarily derived from the north and east (Green 1997) . Volcanilithic detritus indicates penecontemporaneous volcanism (Cook et al. 2013) .
The palynological age of the formation is Kimmeridgian (157.3-152.1 Ma) to Ma)-e.g. (Cook et al. 2013) , (Geoscience Australia and Australian Stratigraphy Commission 2017). Recent studies on the geochronology of Middle to Late Jurassic strata in the Surat Basin, utilizing zircon ages, are challenging this age interval (Hentschel 2017; Wainman et al. 2018) .
Hoffmann (2009) employ principles of nonmarine sequence stratigraphy to interpret seismic and well data from Jurassic strata in the Surat Basin. The Springbok Sandstone and the overlying Westbourne Formation are interpreted to be equivalent to lithofacies L1 and L2 of the supersequence L, respectively. The underlying Walloon Subgroup (K3 equivalent) represents the end of supersequence K. Initially, the contact between the Walloon Subgroup and the Springbok Sandstone were considered to be conformable (e.g. Power and Devine 1968; Exon 1976 ), but many authors now consider the contact between the two formations to be a major regional unconformity (Green 1997; McKellar 1998; Hoffmann 2009; Hamilton et al. 2014; OGIA 2016a) . The Springbok Sandstone and Westbourne Formation are generally interpreted as being conformable and are difficult to differentiate in parts of the basin (Hoffmann 2009). They possible represent different stages of the same fluvial cycle (Exon 1976) .
Further, the Springbok Sandstone is one of the predominant stratigraphic units of the Adori-Springbok Aquifer, which in turn is one of five major aquifers of the Great Artesian Basin (Ransley et al. 2015) . The Australian Stratigraphic Units Database lists the formation as an aquifer that is generally artesian (Geoscience Australia 2017).
Review: porosity and permeability data
The stratigraphic well GSQ Roma 8 cored the Springbok Sandstone. The reported thickness of the Springbok Sandstone is 17.9 m (John 1986) . Two samples were analysed for porosity (16.0 and 17.4%) and horizontal permeability (0.17 and 5 mD). Gallagher (2012) presents core data from two study wells including 50 samples with helium porosity and air permeability (30 horizontal and 20 vertical); out of these, 10 samples also have XRD and thin section analyses. No Klinkenberg permeability and no XRF measurements are presented. Also, there was no attempt made to correlate the lab data with wireline data and unfortunately no depth shift values are published; nonetheless, this is a significant dataset and it will be included in this review of porosity and permeability data.
Review: hydrogeological and petrophysical conceptualisation
Recent groundwater modelling studies refer to the Springbok Sandstone either as a major aquifer (e.g. OGIA 2016a) or as a moderate aquifer (Underschultz et al. 2016) . Indeed, classical lithofacies identification based on density (RHOB) and natural gamma ray (GR) cut-offs results in rather homogenous classification of the formation as sandstone (e.g. Hamilton et al. 2014) . Applying these cut-offs to the study wells of this contribution would lead to >80% of the formation being classified as sandstone (see section 'Gamma Ray and bulk density cut-off versus cluster analysis').
However, recent exploration activity and open hole permeability testing has led to a growing appreciation of the formation's heterogeneity in regard to lithology (e.g. Gallagher 2012) and hydrogeological properties (e.g. OGIA 2016a). The OGIA (2016a, p. 44) report states that the Springbok Sandstone is highly variable in nature. At some locations it is an important aquifer but in other places it is highly compacted and has very low permeability; suggesting "compaction" is a key control on its rock properties. At the same time this report also states that the Springbok Sandstone and the Walloon Subgroup show a particularly high degree of variability. At many locations, the Springbok Sandstone has a very high content of mudstone and siltstone with very low permeability. This tends to locally isolate groundwater contained in the formation (OGIA 2016a, p. 34) .
A "Provisional Petrophysical Evaluation Report Initial 50 Well Study of the Talinga Area"-Weatherford (2014) in OGIA (2016c)-employs an empirical model based on wireline data for natural gamma ray (GR), bulk density (RHOB), neutron porosity (NPHI but without tool specifications in the report) and sonic slowness. The report lists 50 study wells, out of which only one (Rockwood 1) has laboratory-based porosity and permeability data, but correlation between wireline data and laboratory data has not been provided. The report uses a single shale line, a single sand line and a single silt point derived as a composite from multiple formations (Springbok Sandstone, WSG, Hutton Sandstone), and is thus not representative of the specific petrophysical challenges of the Springbok Sandstone.
Hypothesis
Applying GR and RHOB cut-offs to the Springbok Sandstone leads to an interpretation of the formation as a homogenous and "clean" sandstone. This cannot satisfactorily be reconciled with either the geological observations of heterogeneity and high clay content (i.e. at core scale as described in the geological logs of the WCRs of the study wells) or the hydrogeological observation of high variability in porosity and permeabilitye.g. Gallagher (2012) and Kieft et al. (2015) .
The following hypothesis encapsulates the prevailing petrophysical conceptualisation of the Springbok Sandstone: "The Springbok Sandstone is (1) a homogenous and (2) predominantly clay free sandstone that (3) acts as an aquifer."
This hypothesis is tested via Popperian falsification (Popper 1959) :
1. Applying GR and RHOB cut-offs to the wireline data of the five study wells to establish a base case scenario inline with the aforementioned hypothesis 2. Applying k-means clustering to four nuclear logs (GR, RHOB, PEF and TNPH) to test whether the geological heterogeneity of the Springbok Sandstone is apparent without a preconceived petrophysical model, thereby testing the notion of a homogeneous formation 3. Investigating and comparing single and combined logs that can be used as clay indicators alternative to GR cutoffs and thereby testing the notion of a predominantly clay-free sandstone 4. Using advanced logs available in one of the study wells to further the understanding of clay volume in the formation 5. Presenting new laboratory porosity and permeability data and correlating these laboratory values with wireline log data and thereby testing the notion of homogeneous aquifer
Methods

Analysis of wireline data
The starting point of any petrophysical analysis is some basic assumptions or expectations about the dominant lithology of a formation (e.g. a different approach would be chosen for analysing sandstone than limestone). For the subsequent analysis the Springbok Sandstone is assumed to be primarily a clastic formation, which can broadly be described as "shaley sand" with minor occurrences of coal and siderite. These assumptions are based on core viewing and the core descriptions available in the well completion reports of the study wells (QDEX 2019). The triple-combo wireline logs of resistivity, bulk density and neutron logs (with natural gamma ray and or spontaneous potential, SP) is the most common combination of wireline logs run in the Surat Basin in the last 20 years (QDEX 2019). All study wells also have additional runs of sonic and image logs. On the other hand, there are only a handful of wells in the basin that have the advanced logs (NMR and elemental logs) available e.g. in Ramyard 19IS; therefore, the focus is on the log suite of the triple-combo.
A compositional analysis of the mineralogy of the formation based on matrix inversion will not yield a unique solution, as the system is underdetermined (i.e. the number of measurements of the triple-combo is less then the number of mineralogical components assumed (Doveton 2014) . For the clay estimates in the five study wells a "back to basics" approach is applied, by first investigating the variability of single log measurements that are typically used for this purpose. Next the "triple combo" logs are presented for a first pass interpretation. Finally, this triple combo interpretation is validated with advanced logs from Ramyard 19 IS.
Gamma ray cut-offs
Gamma logs are often used in conventional well log analysis to differentiate broadly between so called "sand" and "shale" facies. Ellis and Singer (2007) describe shale in the context of well log analysis as being "fine-grained rock composed of silt and clay minerals". Three radiogenic isotopes are responsible for the gamma ray response in crustal rocks: 40 K, 232 Th and 238 U. The latter two are decaying through a complex series of intermediate isotopes to a stable isotope of lead. In the context of a sedimentary formation one has to consider potassiumbearing evaporites (e.g. sylvite KCl), potassium-rich feldspars, micas and potassium-rich clay minerals such as illite and glauconite. Further, the clay minerals of the montmorillonite group and kaolinite can retain thorium and can incorporate potassium via cation substitution (primarily montmorillonite). It is important to note here that the presence of montmorillonite group clays and kaolinite does not necessarily mean that potassium or thorium is present (this is an example of a potentially false negative interpretation). Finally, uranium is found as uranium salts that precipitate in reducing environments or absorbed into organic matter. The rationale behind gamma ray cut-offs such as the ones shown in Table 1 , is that siliciclastic rocks with finer grain size will contain a higher proportion of clay minerals (and organic matter) than rocks with coarser grain size. Potentially false positive interpretations of gamma ray logs include mica-rich sandstones or carbonates with elevated uranium content (Ellis and Singer 2007) .
Bulk density cut-offs
Gamma ray cut-offs have the purpose of establishing a binary classification (i.e. sand and shales) or a classification into mixtures of these end-members, whereas density cut-offs are often used to exclude intervals with density values that lie outside of the validity range of the chosen petrophysical model. In a siliciclastic rock dominated by quartz (ρ Qz = 2.65 g/ cm 3 ) one would expect bulk density values to be below the grain density of quartz, due to the presence of pores. Bulk density values that are significantly below the grain density of quartz (e.g. ρ bulk < 2.00 g/cm 3 ) indicate the presence of coal or other carbon rich material. Other well log indicators, such as low gamma ray and high apparent neutron porosity values, can confirm the presence of coal. Bulk density values at or above the grain density can be interpreted as highly cemented intervals (sometimes called "tight streaks"); especially when calcite or illite cements are present. High bulk density values can also indicate the presence of heavy minerals (in the case of the Springbok Sandstone this is likely siderite).
Indicators of clay content: static spontaneous potential (SSP)
The spontaneous potential (SP) log is a simple measurement of the electrical potential between an electrode located at the surface and another electrode on the wireline assembly in the borehole. The electrical potential is primarily caused by the electro-chemical diffusion of ions between formation water and water-based drill mud. For this diffusion to occur the two fluids have to mix, with the degree of mixing proportional to the permeability of the formation; therefore, the SP log can be used to detect permeable zones. For a more detailed description of the different diffusion mechanism causing the electrical potential please see Ellis and Singer (2007) .
Indicators of clay content: RHOBϕ vs TNPH
The effective bulk density of the formation is strongly influence by the presence of pores and the pore fluid. Hence, the bulk density log can be used to invert for a porosity estimate ϕ D .
The calculation relies on knowledge of or assumptions in regard to the pore fluid density ρ fl and the matrix density ρ ma . Assuming a water filled clean sandstone, a first pass calculation would use the following values ρ fl = 1.00 g/cm 3 and ρ ma = 2.654 g/cm 3 . Any deviation from these assumptions means that ϕ D is to be considered an apparent porosity estimate.
Neutron porosity is in essence a log that is sensitive to the presence of hydrogen in the formation. The raw neutron porosity log is processed to arrive at a porosity estimate for a given model lithology (usually referred to as model matrix in this context). The most common model lithologies are sandstone, limestone and dolomite, which are assumed to be "clean", meaning the sole constituent of the rock matrix is assumed to be quartz, calcite or dolomite, respectively. According to the model assumptions, hydrogen can only be present as pore fluid in the form of water or hydrocarbons, as these minerals are nominally anhydrous. Once the model assumptions are violated, the neutron porosity should be considered an apparent porosity estimate. Three points need to be considered when the actual formation composition deviates from the model assumptions: (1) the presence of hydrated minerals and thereby hydroxyl groups, (2) the presence of thermal absorbers and (3) the overall change in effective density. The presence of hydroxyl groups and thermal absorbers will increase the apparent neutron porosity when the logging tool utilizes thermal neutrons (which is the case in all study wells), whereas logging tools utilizing epithermal neutrons are not sensitive to thermal absorbers. For shales or clay rich formations the effect of thermal absorbers will be minor in comparison to effect of the hydroxyl groups. In the clastic sediments, hydroxyl groups will be primarily linked to clay minerals. Unfortunately, the increase in apparent neutron porosity (even when obtained with epithermal neutrons) cannot directly be used as a quantitative measure of clay content, as clays can either have four hydroxyl groups (e.g. montmorillonite) or eight hydroxyl groups (e.g. kaolinite). Yet the difference between apparent neutron porosity and apparent density porosity can be used as an effective clay indicator. Ellis and Singer (2007) provides some upper limits for the effects of hydroxyl groups and thermal absorbers: the separation between the epithermal and density porosity ϕ epi -ϕ D in a pure fourhydroxyl clay is 12 p.u., whereas it is 35 p.u. in a pure eighthydroxyl clay and excess porosity due to the presence of large amounts of neutron absorbers alone is no more than 6-8 p.u.
Indicators of clay content: expected vs. measured PEF values
Pure alumino-silicates would have a photoelectric effect signature indistinguishable form quartz (Ellis and Singer 2007) . Clay minerals, as an important example of alumino-silicates, can have significant iron content and elevated photoelectric effect values in shales are mainly related to this iron content.
Hence the photoelectric effect can be used as clay indicator in shaly sands. Firstly, a simple petrophysical is employed model for bulk density ρ b and photoelectric factor P e for a "clean" sandstone (i.e. quartz matrix) with water saturated pores. The effective bulk density of a porous rock can be calculated through volumetric averaging
where ϕ is the porosity and ρ ma and ρ fl are the matrix and pore fluid densities, respectively. The photoelectric factor P e as such cannot be averaged volumetrically, because it is proportional to the photoelectric cross section per electron. Therefore, the parameter U, which is the multiplication the photo-electric factor P e with the electron density index ρ e , is introduced (e.g. Ellis and Singer 2007) . The units of U are cross-section per cm 3 , therefore an effective U can be obtained through volumetric averaging
The effective photoelectric factor P e, eff is then obtained by normalizing with the effective electron density index ρ e, eff
with
This model allows us to calculate the bulk density and photoelectric effect factor of a hypothetical clean sandstone (i.e. quartz only) with varying porosity.
Cluster analysis
Cluster analysis is a simple yet robust unsupervised machine learning algorithm that solves a classification problem by subdividing a dataset into mutually exclusive categories or "clusters". In the context of machine learning algorithms, the variables of the dataset are usually called features. The features used in this example are well log data for natural gamma ray radiation (GR), bulk density (RHOB), photoelectric effect factor (PEF) and thermal neutron porosity (TNPH). The value ranges across these features differ by two orders of magnitude, which can lead to the feature with the broadest value range to dominate the classification. Further, some of the underlying optimizations algorithms used for the classification (e.g. gradient descent) will converge faster for a set of scaled features.
In order to address these problems, mean normalization is used to scale the original features x
where x' is the scaled feature, x is the mean of the feature values and σ is the standard deviation of the feature values.
The subdivision of the dataset into the clusters is achieved through a similarity criterion. In this contribution, the k-means clustering algorithm is used, which employs a similarity criterion based on Euclidian distance. The feature space X for this application is four-dimensional with the mean normalised nuclear logs (GR′, RHOB′, PEF′ and TNPH′) as coordinate axis. The number of clusters k is in principle arbitrary and only limited by the number of data points (or observations) m, so that k < m. Each cluster has a cluster centroid μ 1 , μ 2 , … μ k , where μ k is the centroid of the kth cluster. The centroids are vectors of the four-dimensional feature space. The cluster centroids are initialised at the beginning of the clustering algorithm. The initial set of cluster centroids μ can be chosen by various methods, such as random selection of k observations from X. Here, the k-means ++ algorithm seeds the cluster centroids (Arthur and Vassilvitskii 2007) . Given the initial set of cluster centroids μ, the k-means algorithm aims to minimise the squared sum of the Euclidian distances between data points x and centroid location for each cluster C i , summed over all clusters:
This is achieved by an iterative two-step process:
1. Each data point (i.e. observation) is assigned to the "nearest" cluster centroid, by applying the Euclidian distance similarity criterion. 2. The centroids are moved or "updated" by calculating the mean of each cluster.
Applied to the same data set multiple times, the kmeans algorithm can return different cluster centroid locations and thereby assign some data points to different clusters. This can be due to poor choice of the set of initial cluster centroid locations or the fact that the minimisation found a local minimum instead of a global minimum. Running k-means repeatedly can circumvent this. The set of clusters with the lowest squared sum of Euclidian distances between data points and centroid locations summed over all clusters is then chosen. The cluster analysis is run with 50 repeats ("replicates"), although a number of 5 repeats was sufficient to obtain persistent centroid locations for this data set.
Results
Available wireline data
All five study wells have been drilled within a 3-year time frame and logging was undertaken by the same service company with essentially the same equipment, eliminating the need to adjust measurements due to changes in the tool specifications. Further, the wells are located in relative close proximity to each other. Full hole core is available for basically the entire Springbok Sandstone interval in Ramyard 19IS, Ramyard 23 and Condabri 21. The bottom 25 m of the Springbok Sandstone were cored in Condabri North 215 and only minor core is available for Condabri 394. The spud dates, locations and interval depths are summarised in Table 2 and a map of the study area is provided in Fig. 1 .
In the following the available wireline data is summarised: in all study wells the Platform Express (PEX) was used in conjunction with the Array Induction Imager Tool (AIT). The AIT tool obtained 10-, 20-, 30-, 60-, and 90-in.-deep induction resistivities, as well as SP and mud resistivity measurements. The PEX toolstring included the Highly Integrated Gamma Ray Neutron Sonde (HGNS), which provided thermal neutron porosity and formation gamma ray measurements as well as the High-Resolution Mechanical Sonde (HRMS) for bulk density and photoelectric effect factor measurements. Further, in all wells compressional and shear sonic data were obtained with the Sonic Scanner and image logs with the microresistivitybased Fullbore Formation Microimager (FMI). Further advanced logs are available for Ramyard 19IS including nuclear magnetic resonance and dielectric logs. Finally, neutrongamma ray spectroscopy logs are available in Ramyard 19IS and Ramyard 23, with the Litho Scanner and the Elemental Capture Spectroscopy (ECS) sondes used respectively. These two "geochemical" logs provide data on major elements in the formation and can be used to infer mineralogy. Log data are publicly available (QDEX 2019).
Borehole conditions
Primary indicators of borehole conditions are borehole diameter in comparison to the drill bit size and borehole rugosity, which can be measured through the calliper log and density correction log Δρ, respectively. Significant variations in borehole diameter (e.g. washouts) or high levels of rugosity are considered "bad hole" conditions as they have a negative effect on quality of the borehole measurements. Bulk density measurements (RHOB) are particular sensitive to hole conditions with Δρ greater than ±0.15 g/cm 3 leading to unreliable measurements and borehole enlargements in excess of 2 in. resulting in erroneously low RHOB values (Cannon 2016 ). This has ramifications for porosity estimates derived from RHOB (e.g. erroneously low RHOB values would lead to an overestimation of porosity).
The bit size used for drilling the Springbok Sandstone interval was 7 7 = 8 " (~0.20 m) for Ramyard 19IS, Ramyard 23, Condabri North 215 and Condabri 394 and 8 3 4 " (~0.22 m) for Condabri 21. The difference between calliper measurement and bit size is shown in Fig. 2a : less than 0.1% of the interval has a borehole enlargement above 1″ and less than 0.05% records a borehole enlargement above 2″. Further there are no Δρ values greater than ±0.15 g/cm 3 and only 0.1% greater than ±0.10 g/cm 3 recorded ( Fig. 2b ). Based on these two measures the overall borehole conditions are excellent.
Gamma ray and bulk density cut-off versus cluster analysis
The descriptive statistics for the natural gamma ray and bulk density values from all five study wells are presented. The sample size in both instances is n = 23,507 as it is controlled by the spatial sampling rate of the logging tool. For the statistics of the bulk density the high-resolution RHO8 log was used. According to Gauss (1823) unimodal distributions have the following properties:
and
where μ is the mean and ν the median of the distribution. The standard deviation is σ and ω is root mean square deviation from the mode. These properties are used to test whether the distributions of natural gamma ray and bulk density values are unimodal or not. Figure 3 shows a histogram of natural gamma ray (GR) logs from all five study wells recorded over the Springbok Sandstone interval. The distribution does not strictly satisfy the properties of a unimodal distribution and two modes are visible around 70 GAPI (gamma ray American Petroleum Institute units) and 90 GAPI; however, for a true binary classification, a clearer destination between these two modes (e.g. a wider separation) would be expected. Figure 4 shows a histogram of bulk density log values from all five study wells recorded over the Springbok Sandstone interval. The distribution has the properties of a unimodal distribution with the mode of the distribution being 2.37 g/ cm 3 . The bulk density distribution is left skewed with a kurtosis of 13.97, indicating a tail of low-density values. Virtually no RHOB values (<0.5%) above 2.65 g/cm 3 were measured. The (Weatherford 2014) report uses density cut-offs to determine coal zones (RHOB <2.25 g/cm 3 and NPHI >0.55 v/v) as well as "tight streaks" (RHOB >2.55 g/cm 3 and PE > 3.0 b/electron).
In order to establish a base case, the cut-offs used by (Hamilton et al. 2014 ) are applied to the data from the five study wells. Figure 5 and 6 show the cut-offs for the Fig. 4 Bulk density histogram for data from all five study wells Fig. 3 Gamma ray (GR) histogram for data from all five study wells natural gamma ray and density logs, respectively. The relative abundance of lithofacies is shown in a pie chart (Fig. 9a ). According to these cut-offs 73% of the studied interval are categorised as sandstone lithofacies and 22% as silty sandstone. Less then 2% are categorised as siltstones and no measurements from the studied interval fall into the category of mudstone. (Hamilton et al. 2014 ) note that they "normalise" the gamma ray logs but the exact method is not detailed.
Cluster analysis was performed using the four nuclear logs available in all study wells: GR, PEF, TNPH and RHOB.
Clusters were interpreted using additional data not used for the clustering itself: elemental, resistivity and SP logs (See Fig. 8 for visualization of correlation with box and whisker plots). Further, available geological core logs were used for qualitative interpretation.
The first objective of this study is to identify the dominant clay phases and delineate their distribution in the Springbok Sandstone, allowing a more detailed differentiation of the lithofacies' in the formation. The four nuclear logs chosen for cluster analyses are commonly used for clay quantification either from individual logs or cross-plots (see for example Ellis and Singer 2007, ch. 22) . Elemental logs have the potential to be a powerful clay-typing tool but they are only available in Ramyard 19IS and Ramyard 23. The correlation between the clusters and the interpreted elemental logs were used as a first pass lithological identification of the clusters prior to core sampling. The second objective of this study is to investigate the link between clay type and distribution with permeability of the formation. Therefore, the correlation between the clusters and the resistivity logs (i.e. difference between deep and shallow resistivity) and the SP log is also considered. Figure 7 shows cluster assignments and GR logs for all five study wells. Highlighted are intervals with continuous and largely uninterrupted Cluster 1 assignments. The gamma ray are not applied (NA) to intervals with density less than 2.0 g/cm 3
Subsequent laboratory testing will confirm if these intervals are indeed (1) low in total clay and (2) have relative high permeability.
So-called box and whisker plots are used to show the correlation between categorical and continuous variables. The "boxes" depict the data range with the bottom and top of the box representing the first and third quartile and the red vertical line representing the second quartile or median. The "whiskers" (vertical lines extending from the box) represent the highest and lowest data point still within the 1.5 × IQR or interquartile range. Outliers beyond 1.5 × IQR are represented as red crosses. In this application the categorical variables are the five clusters, where the continuous variables are difference between shallow and deep resistivity (upper panel, Fig. 8a ) and SP (middle panel, Fig. 8b ). In Fig. 8 data from Ramyard 19IS are shown as an example. The lower panel shows the number of measurement points assigned to the clusters. Cluster 1 stands out in regard to both continuous variables. This indicates above average mud invasion and possible intervals with relatively high permeability.
A qualitative interpretation of the clusters, based on the box and whisker plots as well as core descriptions from the well completion reports, is summarised in Table 4 . The centroids (or geometric centers) of each cluster are given for the four features: GR, PEF, TNPH and RHOB. Three clusters (1, 3 and 5) are interpreted as clastic sediments with varying degree of mud invasion as a proxy for permeability and varying degree of clay content. Cluster 1 has the strongest correlation to high difference between shallow and deep resistivity as well as low SP values. Based on the core descriptions intervals assigned to cluster 1 are predominantly sandstones with low clay content, whereas intervals assigned to cluster 3 are dominated by mud-and siltstones. Cluster 4 can be linked to coal and carbonaceous mudstone intervals with high apparent thermal neutron porosity and low bulk density. Cluster 2 is interpreted as being rich in siderite with high bulk density and high photoelectric effect factor values. In Fig. 9 , the relative proportions of the cluster assignments (part b) and the GR and RHOB cut offs lithofacies classifications (part a) are compared; these are relative proportions for all five study wells. It can be seen that the classification based on cluster analysis includes a high proportion of fine-grained sediments (cluster 3: 36%), which is virtually absent in the GR and RHOB cut offs classification (siltstone: 1%, no mudstone). Similar proportions are assigned to cluster 4 (5%) and the lithofacies coal and carbonaceous mudstones (combined 4%). 
Measured Depth [m]
Static spontaneous potential
The SP log was found to be a good and consistent first pass detector of permeable zones in the five study wells. Yet, inherent limitations of the measurement and the specific borehole environment complicate the use of the log as a quantitative measure of permeability. The SP log is a relative measurement and for interpretation the log values are shifted to a baseline (0 mV in standard log representation) for intervals that are thought to be impermeable. This is usually called the "shale base line" and deviations from this baseline are called "deflections". The magnitude of the deflections is a function of both the permeability of the formation and the dissolved ion concentration gradient between the drill mud and the formation water. An interval that is a clean sandstone (i.e. little to no clay) and highly permeable, would results in the highest possible deflection for a given dissolved ion concentration gradient. This maximum deflection can be used to determine a "sand line". Given that determining the clay content is the crux of the Springbok Sandstone petrophysical interpretation setting the baseline becomes highly subjective. This is compounded by the comparatively poor vertical resolution of the SP log (even sharp contacts between permeable and impermeable intervals lead to a deflection that develops in the log over 2-3 m) that will precluded it from capturing rapid changes in permeability that are likely in a highly heterogeneous formation, such as the Springbok Sandstone. Finally, all five study wells were drilled with potassium chloride (KCl) muds. Quantitative interpretation models for SP log assume that both the drill mud and the formation water are sodium chloride solutions (Cannon 2016) . The presence of KCl complicates any quantitative interpretation, as now multiple concentration gradients are present in the borehole environment. A SP log that was shifted to baseline and that was also corrected for the increase of borehole temperature with depth is called a static spontaneous potential (SSP) log. All SP logs and the corrected SSP logs in the five study wells show positive deflections (to the "right") over permeable intervals. This polarity of the deflection indicates that the formation water is less saline then the drill mud. It is possible that different mud chemistry would result in deflections of opposite polarity. Fig. 7 Log view of the cluster assignments for the five study wells (a-e). The five clusters are represented as different colours in the right panel for each well and the GR is shown in the left panel. Intervals that are predominantly cluster 1 are highlighted in blue RHOBϕ vs. TNPH Figure 10 shows the difference between apparent density and neutron porosities across the five study wells. Intervals of near overlap of density and neutron porosity as well as intervals of wide separation (>25 p.u.) can be observed in all study wells. As stated in the method section excess porosity due to the presence of large amounts of neutron absorbers alone is no more than 6-8 p.u. and excess porosity beyond this value is most likely linked to hydroxyl groups. Therefore, the intervals with near log overlap are interpreted as close to the assumed model lithology (i.e. clean sandstone) and on the other hand the intervals with a wide log separation as of high clay content. This interpretation supports the evolving understanding that clay content is a controlling factor of formation heterogeneity and that clay indicators can be obtained from standard triplecombo log suite.
Expected vs. measured PEF values
Pure quartz sandstone has a predictable relationship between bulk density and photoelectric effect factor. The red-dashed line in Fig. 11 represents such hypothetical clean sandstone with porosity ranging from 0 to 50%. This trend line can be used to estimate deviations from the hypothetical pure quartz sandstone. See section 'Methods' for details on the relevant calculation.
Cluster 5
Cluster 3 As an example, the bulk density and photoelectric effect factor for the Springbok Sandstone interval in Ramyard 19IS is shown in the cross-plot of Fig. 11 . The color of the data points shows the respective gamma ray values. Two tails with relatively few data points are evident: the low bulk density and low photoelectric effect factor tail can be interpreted as coal rich layers; the high bulk density and high photoelectric effect factor tail can be interpreted as siderite rich layers. The central part of data cloud is interpreted as clastic rock, which significantly deviates from the model curve. The plot contradicts the stated hypothesis of this study by highlighting that the Springbok Sandstone has inherent high heterogeneity and has in places high clay content, suggesting the Springbok Sandstone is not a clean sandstone. At the same time there is no obvious correlation between a deviation from the "clean sandstone" line and high GR values. These observations suggest that the presence of clays that do not have a prominent gamma ray (GR) response in the Springbok Sandstone.
The same petrophysical model can also be used to calculate an expected PEF log based on the RHOB log and the assumption that the formation is a "clean sandstone". An example of this is shown in the sixth panel of Fig. 12f . Although this log shows a good correlation with other clay indicators over certain intervals (e.g. low clay content between 672 to 682 m) the presence of siderite throughout the Springbok Sandstone complicates the interpretation of this derived log.
Combination with advanced logs
A composite log for Ramyard 19IS is shown in Fig. 12 . Comparisons amongst the triple combo logs (GR, SSP, resistivity, TNPH/RHOB_PHI and PEF) highlight the fact that zones of low clay content are fairly easy to identify. In this example these are the intervals 645-652 m, 665-670 m and 672-682 m. These intervals are characterised by GR values below 70 GAPI, deflections of the SSP log, minor separation of the apparent porosity logs and low PEF values (especially 672-682 m). The resistivity log values for various depth of investigation are also separating in these three intervals, indicating the likelihood of mud invasion and thereby implying high formation permeability. Further, the NMR bound fluid log is shown in panel 3 (Fig. 12c) ; in the lower section of the formation good correlation to SSP log is evident. This correlation between NMR fluid water log and SSP log is not present in the upper section of the formation. Between the top of the formation and 605 m the SSP log has little to no deflections, whilst the other logs indicate low to intermediate clay content and minor mud invasion. Finally, the Al content is displayed in panel 7 (Fig. 12g) , which can be used as a proxy for clay content. The Al content has a particular good correlation with the separation of the apparent porosity logs. On the other hand, the correlation between Al and GR is much weaker. An interesting example is the interval at the base of the formation (682-692 m), where all logs indicate a low permeability interval with high clay content, whilst the GR remains below 70 GAPI. Fig. 9 a Lithofacies distribution based on GR and RHOB cut-offs (Hamilton et al. 2014 ) and b relative proportion of cluster assignments
Laboratory data
New routine core analysis (RCA) data from the study wells Ramyard 19IS, Ramyard 23 and Condabri North 215 are presented, alongside a review of legacy data from Condabri 21, Sean 17 M and Sean 19 M. Basic RCA usually includes grain density, helium porosity and permeability measurements on horizontal core plugs (American Petroleum Institute 1998). Core analysis from the study wells also included Klinkenberg permeability corrections.
Plugs from Sean 17 M and Sean 19 M were horizontal and vertical. All test were run at a confining pressure of 400 psi. The number of successful tests for each type of test, as well as cleaning method are summarised in Table 5 .
The core plugs from Ramyard 19IS, Ramyard 23 and Condabri North 215 were cleaned in Soxhlet extractors with toluene and methanol, two agents routinely used to remove oil and salts, respectively. All plugs were dried in a humidity oven at 60°C and 45% relative humidity until the weight stabilized. Porosity was measured using a Coreval gas permeameter from Vinci-Technologies at a confining pressure of 400 psi (minimum confining). Grain volume was measured at ambient conditions using a helium porosimeter from Coretest (PHI-220). Bulk volume was calculated by the summation of pore volume and grain volume. Porosity was determined from the calculated bulk volume. Gas permeability and Klinkenberg correction were measured using the steadystate permeameter KA-210 (Coretest) whenever possible. The samples with permeability too low or fractured after the first analysis were measured using the unsteady-state permeameter from Vinci-Technologies (permeability-derived from the pressure falloff method). A total of 75 plugs were selected for RCA, out of these 32 plugs were destroyed or damaged in the cleaning process and were no longer suitable for RCA; hence the total number of cleaned samples from this study is n = 43.
The core plugs from the legacy wells Condabri 21, Sean 17 M and Sean 19 M were cleaned in Soxhelts extractors with chloroform and methanol, as opposed to toluene and methanol. Here chloroform is used to remove any oils and methanol is again used to remove salts. Samples were then dried in a Fig. 10 a-e Density-derived porosity estimates (RHOB_PHI in blue) and apparent neutron porosity (TNPH in black). Red lines refer to the formation top and bottom of the Springbok Sandstone, brown line are intervals that are siderite rich and grey line are intervals that are coal rich humidity oven at 60°C and 40% relative humidity. The authors do not know the exact number of damaged samples in these legacy wells, but if the initial plug number and the number of eventually successful permeability test is taken as a measure then is the damage rate much lower for the chloroform and methanol. Based on plug description and type of cleaning damage (i.e. swelling of plugs), it is likely that swelling clays caused this damage.
Grain density
Grain density is an important core measurement, as it is not affected by compaction unlike porosity and permeability. The measurement is an effective average of all the solid phases in the core sample under consideration. Knowledge of grain density in conjunction with a bulk density log (and assumptions or measurements of pore fluid density) can be used to determine porosity. Expected grain density values for a quartz-or calcitedominated rock matrix, would centre around 2.65 and 2.71 g/ cm 3 , respectively. Sample cleaning can mobilise finer grains in the sample and thereby shift the measurement slightly. This shift is usually to higher values and values for an individual core plug that are significant below the expected value are often used as an indicator for insufficient cleaning or drying. At the same time, grain density values for a quartz dominated clastic rock above 2.69 g/cm 3 are an indicator of heavy minerals or calcite cement (Cannon 2016) . Figure 13 shows a histogram of grain density for all cleaned samples including new and legacy data. The distribution is a marginally left skewed, normal distribution with mean and median of 2.62 g/cm 3 .
Porosity-permeability relationship
All permeability measurements (both new and legacy datasets) are gas permeability measurements. The permeability of a porous medium to gas is dependent upon the mean free path of the flowing gas, hence among other things, upon its absolute pressure. Further, the interactions of the gas with the pore wall will affect the gas flow velocity (so-called slip factor or slippage). This effect is more pronounced in low permeability rocks then high permeability rocks. Klinkenberg (1941) showed that if these effects are ignored, the gas permeability calculated from Darcy's law will be higher then the permeability obtained from a measurement with a nonreactive liquid. To overcome these limitations of gas permeability measurements, gas permeability can be measured at multiple mean pore pressures. Then the gas permeability values are extrapolated to a hypothetical infinite pore pressure in order to estimate the permeability that would have been obtained using a nonreactive liquid. This extrapolated gas permeability is the so-called Klinkenberg permeability (American Petroleum Institute 1998).
Klinkenberg permeability was obtained for Ramyard 19IS, Ramyard 23 and Condabri North 215 and is also available in the legacy data from Condabri 21. First, only Ramyard 19IS, Ramyard 23 and Condabri North 215 are considered as the samples from these wells were cleaned using the same cleaning method. Figure 14 is a semi-log plot of helium porosity and Klinkenberg permability for these three wells. An exponential function fits the data using least square regression, which is based on a sample number of n = 43 with a 
The available permeability measurements for core plugs from Sean17M and Sean19M are air permeability only with no Klinkenberg permeability measured. Hence, for a comparison between the new data from the study wells and the legacy data air or nitrogen permeability values were used (see color coding for the different resistivity measurements are: AE10 = black; AE20 = magenta; AE30 = green; AE60 = blue; AE90 = red, e blue line signifies RHOB_PHI and the black line is TNPH, while green shading serves to highlights the separation between the two lines, f shading is used to highlight separation between the "expected clean sandstone PEF" and the measured PEF. PEF photoelectric effect factor Fig. 15 ). Further, there were 16 successful permeability measurements on vertical plugs from Sean17M and Sean19M, which are also included in Fig. 15 (diamond-shaped symbols) . First, the air permeability is fitted based on the new data from in Condabri North 215, Ramyard 19IS and Ramyard 23:
Again based on a sample number of n = 43 with a coefficient of determination of R 2 = 0.78 and r.m.s.e. = 1.10. When comparing the legacy plugs, which were cleaned with chloroform and methanol instead of toluene and methanol, to the above air permeability fit it can be seen that for high helium porosity values the permeability values are systematically 
Correlation between wireline and laboratory data
First the new helium porosity data for Ramyard 19IS, Ramyard 23 and Condabri North 215 were correlated with density and neutron porosity wireline data (Fig. 16 ). For the density-derived porosity the aforementioned inversion of the volume averaged effective density is used
with the assumed matrix density based on the mean value of all available grain density grain density measurements ρ ma = 2.62 g/cm 3 . The pore fluid density is assumed to be that of fresh water ρ fl = 1.00 g/cm 3 . In Fig. 16 the black circles represent density-derived porosity values, blue diamonds are used for thermal neutron porosity processed for limestone matrix and red crosses represent neutron porosity for reprocessed for sandstone matrix. Thermal neutron porosity processed for limestone matrix is the standard deliverable of most service companies and was the log available in the public data repository (QDEX 2019). The blue line represents the hypothetical correlation coefficient of r = 1 through the origin of the graph. As can be seen the best predictor for the helium porosity is the densityderived porosity. Deviations from the laboratory data become more pronounced for the density-derived porosity below helium porosity values of ϕ = 0.15. The thermal neutron porosity does overestimate the helium porosity and is significantly higher than the densityderived porosity. Below helium porosity values of ϕ = 0.25 the limestone process thermal neutron porosity overestimates the helium porosity in a broad range from 5 to 30 p.u. The sandstone processed neutron porosity is higher than the limestone processed neutron porosity. This is to be expected and does not mean that the actual formation is more likely to be a limestone than a sandstone. The brown ellipse highlights two samples from Ramyard 23 at a log depth around 601 m. The log response at this depth indicates interbedded coal or carbonaceous mudstone layers. Figure 17 shows the triple-combo logs for Ramyard 19IS together with the density-based porosity estimate and the helium porosity values (panel six, Fig. 17e ). The same assumptions for matrix and fluid density where made as for calculation used in Fig. 16 . Black circles = density-derived porosity values, blue diamonds = thermal neutron porosity processed for limestone matrix, red crosses = neutron porosity reprocessed for sandstone matrix, blue line = the hypothetical correlation coefficient of r = 1 through the origin of the graph derived porosity estimate have the tendency to fall within interval that also have a significant separation between bulk density and thermal neutron porosity logs (e.g. depth of 638 or 633 m). At the same time, it is apparent that the density-derived porosity estimate needs to be reviewed for values that lie out side the plausible range for porosity values. These are in particular coal layers (brown circles) and siderite-rich intervals (red circles). The Klinkenberg Permeability is estimated by using the density-derived porosity estimate in conjunction with exponential porosity-permeability relationship fitted for all the cleaned samples in Ramyard 19IS, Ramyard 23 and Condabri North 215 (see Fig. 18 )
The interpretation follows that of the helium porosity prediction; as with helium porosity prediction attention needs to be paid to coal layers and siderite rich intervals.
Discussion
This paper presents results of core-derived porosity and permeability analyses in combination with petrophysical analyses based on high quality wireline logs; the data provide the basis of a thorough petrophysical analysis of the Springbok Sandstone, which is (generically) considered to be an aquifer as part of the Great Artesian Basin system. Histograms of gamma ray and bulk density logs have marginal bimodal and unimodal distributions, respectively; thus, potentially supporting the notion of the Springbok Sandstone being largely homogeneous and a sandstone. Gamma ray and bulk density would lead to 73% of the formation being classified as a sandstone and another 22% as a silty sandstone; however, cluster analyses suggest that the formation is indeed heterogeneous with cluster assignments to the three main clusters being 27, 30 and 36%. Further, only one of these clusters is interpreted as "clean" or clay-free sandstone (cluster 1 with 27% of cluster assignments), whilst another cluster (cluster 3 with 35% of cluster assignments) is interpreted as a finegrained clastic with high in clay content.
The results of the cluster analyses are followed up with analyses of various wireline logs and log combinations specifically aimed at identifying clay content in rocks. In particular, the analysis of SSP logs support the notion of a heterogeneous formation with limited depth intervals (~25%) that are highly permeable and extended intervals that have low permeability; the analysis of the PEF logs in conjunction with the RHOB logs shows that virtually no part of the formation can be considered a "clean" sandstone. The elevated photoelectric effect factor points to the possible presence of clays high in iron content. Most importantly the analysis of TNPH logs and density-derived porosity logs show a degree of divergence between these two logs (over extended depth intervals) that cannot be explained by the presence of thermal absorbers alone. The divergence between TNPH logs and density-derived porosity logs therefore must be attributed to the presence of hydroxyl groups and thus implicitly reflects the presence of clay minerals.
Based on the analyses of the wells presented here the Springbok Sandstone, although indiscriminately labelled a sandstone, is largely not a sandstone but shows significant variability in clay content which can be readily identified using the wireline log combinations used in this study. Gamma ray alone is shown to be a poor, and in fact misleading, indicator of clay content in the Springbok Sandstone, suggesting that clays present in the formation have relatively low potassium, uranium or thorium content.
Analyses of porosity from drill core corroborates the petrophysical analyses, in fact the work shows a good correlation between log-derived porosity and porosity measured in core-plugs. Furthermore, the presented correlation of porosity and Klinkenberg permeability allows for the first time a permeability calibration of wireline logs.
Indications of elevated permeability are used in industry as a conservative proxy for aquifer properties to ensure isolation of potential aquifers in gas well designs. In the absence of a unified definition of an aquifer, at least in the Queensland/ Australian context, the definition provided by the US Department of the Interior (USDI 1995) is used. This classifies aquifer quality based on transmissivity, which is defined as the hydraulic conductivity integrated over thickness of the formation. The laboratory permeability results and wireline-log-derived permeability over the thickness of the Springbok Sandstone presented in this contribution offer for the first time the parameters to calculate transmissivity and hence aquifer properties. Whilst highly permeable intervals are present, it cannot be concluded that the Springbok Sandstone has 'good domestic' (sensu USDI 1995) aquifer quality throughout the wells investigated here.
The results and the workflow presented here provide a guide for the characterisation of aquifer properties in the Springbok Sandstone in particular and for similar lithologies in general. In combination with 3D geological models the results can ultimately be utilized to predict the lateral continuity of strata that have the sufficient transmissivity to constitute aquifers. The work presented here forms the foundation allowing, in combination with future detailed (sequence) stratigraphic analyses, definition of geobodies and their facies affiliations to predict aquifer properties and their spatial distribution in the Springbok Sandstone. Petrophysical characterisation to establish fundamental hydrogeological properties as presented here is fundamental in identifying intervals with aquifer properties, which in turn is key for volumetric assessment of aquifer properties informing long term water resource management.
Conclusion
Based on the work presented here the following conclusions are drawn:
1. The Springbok Sandstone is a stratigraphic unit with significant heterogeneity ranging from sandstone via siltstone to mudstone, which is revealed by analysis of comprehensive wireline data sets, which include GR, TNPH, RHOB, Resistivity, SP and PEF data. Clay content is the key factor controlling heterogeneity. 2. Clay content (or conversely clean sand) is not appropriately reflected by GR logs. Using gamma ray data in isolation led to an oversimplified classification of the formation as a sandstone as clays appear to be nonradiogenic. 3. Based on the data and analyses presented, it is concluded that the Springbok Sandstone is not actually a sandstone but constitutes a unit of variable lithologies; the dominant differentiation of lithologies is controlled by clay content. 4. Analyses of core plugs present porosity and permeability data for various lithologies contained in the Springbok Sandstone. The data allow a calibration of wireline logs for porosity and importantly permeability based on which hydrogeological variability as observed in laboratory data can be explained with a simple petrophysical model.
5.
The data and analyses show that wireline logs can predict permeability in the Springbok Sandstone.
Based on variability of porosity and permeability in the Springbok Sandstone, it is concluded that the Springbok Sandstone is unlikely to have good domestic aquifer quality throughout.
